Abstract
INTRODUCTION
Aneurysm of the innominate artery (IA) necessitating surgery is most often combined with a pathological proximal aorta; however, the true incidence is still unknown [1, 2] . The manifestation of pathological conditions and their severity can vary considerably, leading to different presentations and possibly, underestimation of their role when choosing the proper surgical strategy, which can be especially troublesome in cases of atherosclerotic changes without accompanying dilatation. Moreover, the accessibility of IA for cannulation and the suitability of managing such a cannulation for applying antegrade cerebral perfusion can adversely impact the choice of surgical strategy, especially in patients without obvious pathological changes. The aim of this study was to evaluate the incidences of IA involvement in all patients with non-acutely dissected aortic arch pathologies necessitating surgery. The patients with acute aortic dissection were excluded because many patient-and surgeon-related factors make an intention-to-treat analysis impossible [3] , which was a precondition for evaluation of surgical strategies and operative results in this study.
PATIENTS AND METHODS
Between September 2004 and June 2017, 1013 consecutive patients underwent open aortic arch repair due to a non-acutely dissected aortic pathology (all pathologies except acute aortic dissection), including 366 patients with a total/subtotal arch replacement (with repair of at least one supra-aortic artery). Among them were 46 (4.5% of the entire group and 12.6% of those with total/subtotal arch repair) patients (29 males; mean age 69 ± 10, range 35-84 years) with IA involvement. The pathologies necessitating replacement of the IA were chronic aneurysm including progression of chronic dissection, severe atherosclerosis with or without an aneurysmatic dilatation and inflammatory vasculitis in 34, 11 and 1 patient, respectively. Generally, a diameter of 20 mm or more was consider as a pathological IA dilatation, taking into account the patient's sex, age and the height, especially if any increase in the diameter was seen in subsequent examinations. Severe atherosclerosis was considered to be present when craggy or rough changes were visible in computed tomography angiography (angio-CT) throughout the IA and not only limited to its origin (Figs 1-3 ). Aortic diagnostics were based on angio-CT performed routinely towards the middle neck area and was completed by heart catheterization or cardiac computed tomography, if appropriate. A neurovascular examination included Doppler ultrasonography of the extracranial vessels and, when feasible, transcranial Doppler ultrasonography. Cranial angio-CT was carried out to evaluate the circle of Willis at the beginning of the series; however, because we did not find clinical relevance for this examination, it was abandoned in 2007 [4] . However, routine angio-CT of the thorax included the m neck area. The detailed patient characteristics are given in Table 1 .
Surgical technique
According to the extent of surgery, the thoracic aorta was exposed via median sternotomy in 45 patients and via clamshell thoracotomy in 1 patient.
The arterial return for cardiopulmonary bypass (CPB) was achieved by isolated cannulation of the right common carotid artery (CCA) in 45 patients. Simultaneous carotid and femoral cannulation with a Y-shaped line was performed in 1 patient with chronic dissection of the IA and right CCA, as described elsewhere [5] .
The cannulation technique has been described previously [5] [6] [7] . In short, the right CCA was prepared through a separate approach in the neck along the medial margin of the sternocleidomastoid muscle in all patients. The exposed segment of the artery was cross-clamped after heparinization, a longitudinal incision was made, and an 8-or 10-mm vascular sealed polyester graft was anastomosed to the artery with a continuous 5.0 polypropylene suture. If an additional cannulation of the femoral artery was considered necessary, it was done simultaneously in the usual manner, and both arterial lines were connected with a Y-shaped tube for arterial in-flow from 1 pump [5] .
After connecting the arterial line and cannulating the right atrium, CPB was started with a flow of 2.2-2.4 l/min/m 2 of body surface.
In all patients, mild hypothermic circulatory arrest (CA) was used for arch repair. Systematic cooling was performed using the a-stat method for acid-base management. However, cerebral perfusion was always performed at an arterial blood temperature not lower than 28 C. The technique of unilateral cerebral perfusion has been described previously [8, 9] . In brief, the arch arteries were cross-clamped at the beginning of CA, and unilateral cerebral perfusion was initiated. The perfusion was pressurecontrolled, aiming for about 80 mmHg (mean 81.4 ± 11.6 mmHg), which was achieved by modulating the arterial flow (mean 1.4 ± 0.3 l/min), at a constant blood temperature of 28 C. The arterial line connected to the CCA was always bifurcated. The second arm can be used to perfuse the other brain hemisphere for bilateral cerebral perfusion whenever necessary, yet it was never the case in any patient of this group (and occurred only once during our entire experience with more than 1300 unilateral cerebral perfusions performed to date). However, this arm was used in all patients to switch the arterial perfusion from the cannulated CCA to one branch of the quadrifurcated aortic graft (InterGard Aortic Arch, InterVascular, La Ciotat, France) used for the arch replacement.
After cross-clamping of the supra-aortic arteries, we started with the aortic arch replacement under CA and unilateral cerebral perfusion through the right CCA (Video 1). After completing the distal arch anastomosis, the CPB was re-established after cannulation of a quadrifurcated arch prosthesis with a second arm of the Y-shaped arterial line (also see above), and after anastomosing the left subclavian and left carotid arteries with corresponding branches of the arch prosthesis, left-sided cerebral perfusion was re-established gradually as described elsewhere in detail [8] . Then, the clamping of the IA was released and the right CCA was cross-clamped on the neck just below the cannulation graft, and the right subclavian artery (RSA) was cross-clamped in the chest (Video 1) allowing replacement of the entire IA under complete cerebral perfusion. Different anastomosing techniques were used for IA replacement depending on anatomopathological requirements (Fig. 4) .
In one patient, in whom an impaired flow through the true lumen of the chronic dissected right CCA was suspected, a double cannulation was performed for sufficient perfusion of the head and the lower body, and the IA was replaced before repairing the aortic arch.
Statistical analysis
Informed consent was obtained from all patients; however, an institutional review board approval was waived for this study because of the retrospective and completely anonymous nature of the analysis. All perioperative data were collected prospectively, and intention-to-treat analysis was performed. Categorical variables were expressed in the tables and text as frequency (percentage) and continuous variables as mean ± standard deviation (range). Early mortality was considered as death within the postoperative time of 30 days as well as during in-hospital stay. Statistical analysis was performed with the IBM SPSS software (version 24.0; IBM Corp., Armonk, NY, USA).
RESULTS
All patients underwent total/subtotal aortic arch replacement using unilateral cerebral perfusion (mean duration 44.6 ± 15.7 min) under mild hypothermia (deepest rectal temperature 30.6 ± 1.4 C). In addition to arch and IA replacement, repair of one or two further supra-aortic arteries was performed in 20 and 23 patients, respectively. One patient underwent complete thoracic aorta replacement via clamshell thoracotomy and 5 descending endografts were implanted additionally (elephant trunk technique). The aortic valve, which was the most frequent object of concomitant surgery, was replaced in 18 (including 3 valve composite-grafts) and repaired in 20 (18 valve-sparing root repairs) patients. In 3 additional patients, the abolishment of aortic insufficiency was achieved by simple narrowing of the sinotubular junction. The surgical procedures and the operative data are shown in Table 2 .
All patients survived the surgery and the 30-day and in-hospital mortality was 0. In one patient with a huge, partially thrombosed arch and innominate aneurysm, a multiple embolism occurred in both hemispheres, most likely during preparation, leading to a perioperative stroke (Fig. 2) . This was the only patient with a permanent neurological deficit, resulting in a stroke rate of 2.2%. Transient neurological dysfunction such as confusion or agitation was observed in 6 patients (13.0%). In all the 366 patients with total/subtotal arch replacement, the respective results for 30-day mortality, in-hospital mortality, permanent neurological deficit and transient neurological dysfunctions were 1.4%, 2.2%, 1.9% and 7.1%, respectively. No spinal injury was observed in any patient after aortic arch replacement. Consequently, the additional IA surgery did not impact the results of total arch replacement adversely.
One patient (2.2%) required a rethoracotomy due to bleeding; however, there were 7 cases (15.2%) of pericardial effusion treated by a subxiphoid puncture. Respiratory insufficiency necessitating prolonged ventilation or reintubation occurred in 3 patients (6.5%). Two patients (4.3%) required tracheotomy and 1 patient (2.2%) needed temporary dialysis during the early postoperative course.
The most frequent postoperative complication, which occurred in 21 patients (45.7%), was temporary atrial fibrillation.
DISCUSSION
The choice of proper cannulation, perfusion and protection strategy in the surgery of aortic arch pathologies has been continuously discussed [11, 12] , but the role of the IA involvement on surgical outcomes is still underestimated. The IA is even frequently recommended for arterial cannulation, but this approach can be applicable, mainly in patients in whom the pathological Video 1: Total replacement of the innominate artery (IA) in a 57-year-old male patient with a dissection-related progressive pseudoaneurysm of the IA (corresponding to Fig. 1C and D) . The IA was cross-clamped temporarily, and complete arch replacement with a resection of the dissection membrane in the descending aorta was performed using unilateral cerebral perfusion through the cannulated right common carotid artery. After completing the distal anastomosis and the anastomoses with the left subclavian and left carotid arteries, the right subclavian artery was cross-clamped in the chest as was the right common carotid artery on the neck just below the cannulation graft (clamps marked with arrows), and a complete IA replacement was performed.
conditions are limited to the proximal aorta for which hemiarch replacement is a suitable surgical option. Accordingly, we used the IA for cannulation in only 4.9% of arch repair patients (18/ 366) but in 15.8% of hemiarch patients (102/647). This seems to correlate with a recent paper by Preventza et al. [13] reporting an experience with IA cannulation in 263 selected patients of whom only 33 (12.6%) underwent a complete arch replacement. Taking into account the contraindications defined in Preventza's paper ('atherosclerosis at the base of the innominate, aneurysmal dilatation of the innominate, the necessity to initiate CPB before opening the sternum and aortic dissection extending into the innominate artery'-on which we completely agree), we do believe that the suitability of the IA for cannulation in arch surgery is still overestimated and that this cannulation site is possibly 'forced' by some surgeons to avoid the time-consuming cannulation of the RSA, especially in obese patients. Nevertheless, it is really remarkable that in most reports about extended aortic arch pathologies and complete arch replacements published to date, there is no or very little mention about the need for concomitant IA replacement. Imasaka et al. [14] recently indicated that it is the embolism that is the major cause of stroke in aortic arch surgery performed under sophisticated techniques of brain protection with continuous cerebral perfusion. Yet, despite this observation, they neither mentioned the IA as a possible source of embolism nor performed any IA surgery in their cohort comprising 153 patients with total arch replacement (76% of all arch procedures) [14] . In contrast, in our 366 elective patients who underwent total or subtotal arch replacement due to non-acutely dissected aortic arch pathologies, there were 46 patients (12.6%) with complete replacement of the IA. The most frequent pathologies necessitating surgery were severe atherosclerosis with or without an aneurysmatic dilatation and chronic aneurysm including a progression of chronic dissection (Figs 1  and 2 ). In some patients (mostly in slender females), the pulsating tumour in the right supraclavicular fossa was the only clinical symptom (Fig. 2) , which led to advanced diagnostics and, finally, to the recognition of relevant aortic and IA aneurysms. In contrast, inflammatory aetiology seldom seems to cause a relevant IA pathology and was presented only once among our several patients with inflammatory aortitis, for example, giant-cell aortitis.
In acute type A aortic dissection, an involvement of the IA is even more frequent, but this pathology is mostly treated under emergency conditions, where experienced aortic surgeons are not always available. Accordingly, surgeries performed by nonspecialized aortic surgeons seldom comprise complete arch replacement, let alone a replacement of the IA [3] . In acute dissection involving the IA, our strategy is to replace a dissected IA whenever possible, among other things, to avoid neurological complications and avoid further progression resulting in the development of a chronic dissected aneurysm. In cases when the pathological damage of the IA renders any anastomosing very problematic or even impossible, we ligate the IA and perform a right-sided aorto-carotid bypass, using the cannulation graft as previously reported elsewhere [14] .
Cannulation of the right CCA (as described here) or RSA is a very important component of complex aortic arch surgery with involvement of the IA. Both techniques make dealing with the IA pathology much easier and safer because, in contrast to hypothermic CA, no complete interruption of cerebral perfusion is necessary. The cerebral perfusion can be performed in accordance with the surgeon's preference using unilateral, bilateral or even the complete (all 3 vessels) perfusion technique.
Usually, we cannulate the right CCA and use this artery alone for the entire arterial return during CPB. When a temporary cross-clamping of the IA is possible, we start with the aortic arch replacement, and after anastomosing the left subclavian and left carotid arteries with corresponding branches of the arch prosthesis, we replace the IA after cross-clamping the right CCA and RSA while the brain is almost completely perfused (via both CCAs and Left subclavian artery).
In some pathological situations, however, especially in those with impaired flow through the IA, use of double cannulation for sufficient perfusion of the head and the lower body is recommended [5, 15, 16] . In such cases, starting with the IA replacement can be practical to perform a safe distal anastomosis and ensure unimpaired flow through the dissected right CCA.
Study limitations
The lack of randomization and patient selection, which may have introduced a selection bias, can be considered a limitation of the study. However, the group contains all consecutive patients (with prospective collection of all relevant perioperative parameters) who underwent IA replacement in the setting of aortic arch repair; consequently, this does not allow any compilation of a matched control group because no patients underwent an arch surgery leaving a pathological IA untouched.
CONCLUSIONS
Involvement of the IA in aortic arch surgery is not infrequent, and the concomitant IA replacement using well-considered cannulation, perfusion and surgical strategy offers excellent operative outcomes.
